Abstract It has been estimated that 65,980 individuals were diagnosed with non-Hodgkin lymphoma (NHL) and 19,500 died from NHL in the United States in 2009. Although established risk factors such as immunodeficiency and viral infections may be responsible for a portion of the cases, the majority of NHL cases remain unexplained. Dietary nitrate and nitrite intake are exposures of particular interest for NHL risk as they are precursors in the endogenous formation of N-nitroso compounds, which cause lymphomas in animal studies. We investigated NHL risk overall and by histologic type in relation to dietary nitrate and nitrite intake in a population-based case-control study of 1,304 women in Connecticut. Nitrate and nitrite intake were assessed using a 120-item food frequency questionnaire. We found no association between risk of NHL overall and dietary nitrate and a slightly increased risk of NHL with higher dietary nitrite intake (highest vs. lowest intake quartile OR = 1.4; 95% CI: 0.9-2.2). When we evaluated intake by subtype, a significant positive trend was observed for follicular lymphoma and nitrate (p-trend = 0.04) and nitrite (p-trend \ 0.01) with an over twofold risk in the highest nitrite intake quartile (OR = 2.3; 95% CI: 1.1-4.9). An increased risk in the highest quartile of nitrite intake was also observed for T-cell lymphoma (OR = 3.4; 95% CI: 1.0-11.9). Animal products containing nitrite were more strongly associated with risk of follicular lymphoma; whereas, both animal and plant sources of nitrite were associated with elevated ORs for T-cell lymphoma. Our results confirm a previous finding for nitrite intake and NHL risk and highlight the importance of evaluating histologic type. We conclude that these results should be replicated in a larger study with data on drinking water as well as dietary sources of nitrate intake.
Introduction
Non-Hodgkin lymphoma (NHL) is a heterogeneous group of malignancies arising from lymphocytes throughout the body [1] [2] [3] . The histologic types can be divided into aggressive and indolent types, formed from either B-cells or T-cells [3] . It has been estimated that 65,980 individuals were diagnosed with NHL and 19,500 died from NHL in the United States in 2009 [4] . Although established risk factors such as immunodeficiency and viral infection may be responsible for a portion of the cases, the vast majority of the NHL cases remain unexplained.
Nitrate and nitrite are precursors in the formation of N-nitroso compounds (NOCs), a class of genotoxic compounds most of which are animal carcinogens and which can act systemically [5] . Specific NOCs have been shown to cause lymphomas in animal studies [6] . Nitrate is a natural component of plants and is found at high concentrations in leafy vegetables, such as lettuce and spinach, and some root vegetables, such as beets [5] . Nitrite and nitrate salts are added to cured meats such as bacon, hot dogs, and ham to prevent the growth of spore-forming bacterium as well as to add color and flavor [7] . Ingestion of nitrate at the acceptable daily intake level (3.67 mg/kg body weight, 0.84 mg/kg as nitrate-N) results in increased urinary excretion of NOCs [8] . Although most previous investigations into the association between nitrate and nitrite and human cancer have focused on gastrointestinal cancers [9] [10] [11] [12] , the relationship with NHL is biologically plausible and of interest.
Investigations into other dietary and nutrient intakes in this study population have been conducted previously [16] . An increased risk of NHL was associated with higher consumption of animal protein, saturated fat, and carbohydrates; whereas, a decreased risk was observed for greater intake of dietary fiber [17] . However, intake of nitrate and nitrite was not estimated in our study population previously. Although, one cohort and three case-control studies previously evaluated dietary nitrate, and nitrite and NHL, the risk was inconsistent, and results were not presented by histologic type [13] [14] [15] [16] . We therefore evaluated dietary sources of nitrate and nitrite as risk factors for NHL and NHL subtypes in a population-based case-control study of women in Connecticut.
Methods

Study population
The study population has been described in detail elsewhere [17, 18] . Briefly, cases were histologically confirmed, incident NHL patients diagnosed in Connecticut between 1996 and 2000, restricted to women aged 21-84 at diagnosis, without previous diagnosis of cancer except non-melanoma skin cancer, and alive at the time of interview. Out of 832 eligible NHL cases, 601 (72%) cases completed in-person interviews, and of those 594 completed the food frequency questionnaire. Participants were slightly older than non-participants, with mean ages of 67 and 62, respectively. The race distribution was similar between participants and non-participants.
Pathology slides or tissue blocks were obtained from the hospitals where the cases were diagnosed. The specimens were reviewed by two independent study pathologists. All NHL cases were classified according to the World Health Organization (WHO) classification system [19, 20] , including 187 cases of diffuse large B-cell lymphoma (DLBCL), 134 cases of follicular lymphoma (FL), 66 cases of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), 40 cases of marginal zone B-cell lymphoma (MZBL), 44 cases of T/NK-cell lymphoma (Tcell), and 123 cases of other rare and unspecified subtypes.
Population-based controls with Connecticut addresses were recruited using random digit dialing methods (RDD) for those below 65 years of age, and files provided by the Centers for Medicare and Medicaid Service (CMS) were used to recruit those aged 65 or older, and were frequency matched to cases by age (±5 years). The participation rates were 69% for RDD controls and 47% for CMS controls. The distribution of age and race between participants and non-participants was similar. Out of 717 controls, we excluded 7 controls with dietary information missing, yielding 710 controls for final analysis.
The study was approved by the Human Subjects Research Review Committee at Yale University, the Connecticut Department of Public Health, and the National Cancer Institute. Written and informed consent were obtained from all subjects.
Interviews
In-person interviews were conducted by trained personnel using a standardized questionnaire to collect demographic information and other major known or suspected NHL risk factors, such as family history of cancer, pesticide exposure, medical history, smoking, alcohol consumption, UV radiation and hair-coloring products use. Dietary intake was assessed using a mailed self-administered semi-quantitative food frequency questionnaire (FFQ) developed by the Fred Hutchinson Cancer Research Center (Seattle, Washington), in which subjects were asked to characterize their usual diet in the year prior to being interviewed. The FFQ collects data on consumption frequency and portion size for approximately 120 foods including 19 vegetables, 11 fruits, and fresh and processed meats. Participants were queried about their frequency of intake in nine categories ranging from ''never'' to ''2? times per day'' for foods and ''never'' to ''6? times per day'' for beverages. Each line item was accompanied by three possible portion size categories (small, medium, or large). Micronutrient intakes, including vitamin C and vitamin E, were determined from food sources. The questionnaire has been validated previously [21] .
We determined the nitrate and nitrite contents of the foods on the questionnaire by conducting a review of values in published literature [22, 23] . We calculated the mean of the published values for individual foods. Foodspecific nitrate and nitrite values were combined using the same methodology that was used for other nutrients. Daily intakes of nitrate and nitrite were calculated by multiplying the frequency of consumption of each food by the nitrate or nitrite content of the food and summing across all food items. Average daily intake of food items assigned nitrate and nitrite values was weighted using the University of Minnesota's Nutrition Coordinating Center's Nutrition Data System for Research database [24] . Nitrate and nitrite intake were computed separately for animal and plant sources. We also evaluated intake of nitrate and nitrite from processed meat sources separately, which included both red and white meat sources of sausage, luncheon meats, cold cuts, ham, and hotdogs. The major contributors to nitrate intake in this study population were lettuce (17.5%), peaches, nectarines, plums (9.3%), and melons (watermelon and honeydew) (9.0%) and the major contributors to nitrite intake were rice and noodles (8.3%), lunch meats (7.1%), and beef, pork, and lamb (6.8%).
Statistical analysis
Intake of nitrate and nitrite was divided into quartiles and high and low intakes according to the median consumption (mg/day for nitrate and nitrite) in controls. Odds ratios (OR) and 95% confidence intervals (CI) were calculated using logistic regression to estimate the relative risk of NHL and NHL subtypes in relation to nitrate and nitrite consumption categories. Statistical analyzes were performed using the SAS system, version 9.1 (SAS Institute, Cary, NC).
All models were adjusted for age, family history of NHL, total daily energy intake, vitamin C intake, vitamin E intake, and protein intake. Total energy intake was examined for extreme values (upper and lower 1.0% and 5.0%), and exclusion of these subjects did not result in material changes for the observed associations. We examined the associations between nitrate and nitrite intake and NHL overall as well as for NHL subtypes. To evaluate the consistency of the association, we stratified by the median age (61.4 years), body mass index (25 kg/ m 2 ), and education (high school or fewer years of education; some college or greater years of education). We stratified by smoking status (ever/never), vitamin C intake (median 103.5 mg), vitamin E intake (6.4 mg), red meat intake (median), and total protein intake (median 57.4 mg) to evaluate factors potentially affecting nitrosation.
Results
Selected demographic characteristics of cases and controls were compared (Table 1 ). Cases and controls were similar with respect to age, race, reported family history of NHL, and smoking status. However, cases tended to consume less alcohol, more calories, and have a higher BMI. The mean nitrate intake among cases was 116.5 mg/day (SD: 83.0 mg/day) and the mean nitrite intake was 1.2 mg/day (SD: 0.6 mg/day). The mean nitrate intake among controls was 112.1 mg/day (SD: 75.1 mg/day) and mean nitrite intake was 1.1 mg/day (SD: 0.5 mg/day).
We found no association between risk of NHL and dietary nitrate intake (Table 2 ). However, we did identify an increased risk of NHL among those who reported higher intake of nitrite although the trend was not significant. Compared with the lowest intake quartile, we found an OR of 1.4 in both the third (95% CI: 1.0-2.0) and fourth (95% CI: 0.9-2.2) quartiles. Risk of NHL was elevated for nitrite intake from both plant and animal sources.
When we stratified our data by NHL subtype, we found a significant positive trend (p-trend = 0.04) in risk of the follicular subtype with increasing intake of dietary nitrate, but no association for the other NHL subtypes. For nitrite, we observed a 2.3-fold increased risk of follicular lymphoma (95% CI: 1.1-4.9) in the highest nitrite intake quartile, and the trend for increasing intake was significant (p for trend = 0.008). We observed an increased risk of DLBCL (OR = 2.2; 95% CI: 1.3-3.8) and T-cell lymphoma (OR = 3.1; 95% CI: 1.1-8.7) in the third quartiles compared to the first with no significant positive trends. Animal sources of nitrite showed a stronger association with risk for follicular NHL (p for trend = 0.04) than plant sources (p for trend = 0.07). ORs for DLBCL and T-cell lymphoma were elevated for both plant and animal sources of nitrite with no significant trends. The results for CLL/ SLL by nitrite source showed a significant increase in risk from nitrite from plants for the second (OR = 2.4; 95% CI: 1.1-5.3) and fourth (OR = 2.7; 95% CI: 1.1-7.0) intake quartiles compared to the first and a significantly decreased risk of CLL/SLL with increasing nitrite intake from animal sources (p-trend = 0.003). We evaluated nitrite intake from processed meats for NHL overall and by subtype, but we did not observe significant trends with intake (data not shown).
We observed no significant interactions when we stratified high and low nitrite intake by the median vitamin C intake for NHL overall and for the NHL subtypes ( Table 3 ). The highest risk of NHL and DLBCL and follicular subtypes was among those who consumed higher amounts of vitamin C and had higher intake of nitrite compared with those with higher vitamin C intake and lower nitrite intake. Stratifying nitrite intake by intake of vitamin E, red meat, protein, smoking, median BMI, education, and median age did not provide evidence of interaction by these factors (not shown).
Cancer
Discussion
We found no association between risk of NHL and dietary nitrate intake and a 40% increased risk of NHL with elevated dietary nitrite intake. When we evaluated intake by subtype, a significant positive trend was observed for follicular lymphoma and nitrate and nitrite with an over twofold increased risk in the highest nitrite intake quartile. An increased risk for the highest quartile of nitrite intake was also observed for T-cell lymphoma. Animal products containing nitrite were more strongly associated with risk of follicular lymphoma; whereas, both animal and plant sources were associated with elevated ORs for T-cell lymphoma. We did not observe an interaction between nitrosation inhibitors and nitrite intake for NHL or for NHL subtypes.
In a previous population-based case-control study of NHL and dietary nitrate and nitrite in SEER centers in Iowa, Detroit, Seattle, and Los Angeles [14] , investigators found that dietary nitrate was inversely associated with risk of NHL (OR highest quartile = 0.5; 95% CI: 0.3-0.9). Dietary nitrite intake was associated with increasing risk of NHL (highest quartile: 3.1; 1.7-5.5), a somewhat stronger association than that we identified in our study. They determined that the increased risk for nitrite was largely due to intake of bread and cereal sources or plant sources of nitrite; whereas, we found that nitrite from animal sources was positively associated with NHL overall, and with follicular lymphoma subtype. The median daily intake in our study was similar to the values reported in the NCI-SEER study (median nitrate intake: 114 mg/day, median nitrite intake: 0.91 mg/day) despite the fact that our study was restricted to women.
In a case-control study conducted previously in Nebraska [23] , investigators found that dietary nitrite was associated with a higher risk of t(14:18)-positive NHL, whereas dietary nitrate was weakly associated with a lower risk of t(14;18)-negative NHL. As follicular NHL is characterized by the t(14:18) translocation, the results from the Nebraska study are consistent with the increased risk we observed for elevated nitrite intake among persons with follicular lymphoma; however, although the point estimates were not significant, we observed a significant increasing trend with nitrate intake and risk of follicular lymphoma which is not consistent with the previous findings for the t(14;18) subtype. Although a positive trend was observed for the follicular subtype and nitrate, an explanation for the null findings in this study for NHL overall and risk from nitrate intake may be due to the presence of nitrosation inhibitors in vegetables or other nutrients that are hypothesized to decrease the risk of NHL. In both animal and human experiments, vitamin C and vitamin E have been shown to inhibit the in vivo formation of N-nitroso compounds from nitrite [25] . Specifically, as dietary nitrate is mostly of vegetable origin, and vegetables are known to contain inhibitors of in vivo nitrosation, other antioxidants, and other beneficial chemicals such as flavonoids [26, 27] , our findings for nitrate and NHL overall may be due to the protective effect of vegetables in the diet. This explanation has been pointed to in several epidemiologic studies that have reported either no association or inverse associations between dietary nitrate intake and human cancers [28] [29] [30] .
The increased risk of NHL overall, as well as for DLBCL, follicular, and T-cell lymphoma, was observed among those who had high nitrite intake. The increased risk observed for dietary nitrite consumption and NHL risk is supported by some animal studies. One potential explanation is that N-nitrosoureas have been shown to induce B and T-cell lymphomas in animal studies where it was concluded that the system may be an effective means of inducing B-cell lymphoma with a carcinogen. In addition, in theory, the conversion of both nitrate and nitrite to nitrosamines would be affected by inhibitors of nitrosation, such as vitamin C. Our findings do not confer evidence of this mechanism as increases in risk were observed among those with higher levels of vitamin C consumption rather than lower levels of intake.
Previously in this study population [17] , an increased risk of NHL was associated with higher consumption of animal protein and saturated fat. An increased risk was also observed for higher consumption of eggs and dairy products (including milk and butter products) and white bread [17] . The results by NHL subtype also showed that an increased risk associated with animal protein intake was seen for both diffuse and follicular lymphoma, B-cell, and intermediate/high-grade NHL [17] . Saturated fat was also associated with a significantly increased risk of diffuse lymphoma, B-cell lymphoma, and intermediate/high-grade lymphoma [17] . Investigators have previously suggested chronic hyperstimulation of the immune system and increased immune unresponsiveness by proteins and fats as an etiologic mechanism for lymphoma [16, 17] . In other words, it is possible that the consumption of many animal products estimated to be high in nitrite may have an adverse impact on NHL risk due to alternative biologic pathways rather than via NOCs.
A limitation of this project is that nitrate is also present as a contaminant in drinking water and can be a major source of intake when levels are at/above maximum contaminant level (MCL) of 10 mg/L nitrate-N [31] . However, we did not have data on water intake. Though nitrate is typically a contaminant of drinking water in rural areas, Connecticut is not an area that is typically reported as having nitrate contamination of their groundwater [32] . In addition, dietary intake based on FFQs is affected by measurement error, which, if non-differential, could reduce an association. Furthermore, a primary limitation of our study is that the sample size is modest and the number of cases in several histologic subgroups was small. The study sample was also limited to women and may be non- generalizable to men. The response rate in our study was also moderate and could potentially result in biased risk. The positive findings in our report require replication in larger studies with greater power. Our study has several strengths. It was population based and included incident cases that were histologically confirmed. Furthermore, strengths of this study include the use of a detailed questionnaire to assess intake of different types of foods that contain nitrate and nitrite that resulted in a wide range of variation in dietary intake of nitrate and nitrite. The ability to evaluate effect modification by vitamin C and vitamin E intake, red meat intake, and smoking status, as well as a large number of other potential confounding variables was also a strength of this study.
In sum, our results suggest that nitrite intake increases the risk of NHL overall including DLBC lymphoma, follicular lymphoma, and T-cell lymphoma. Our null findings for nitrate are consistent with previous findings and may be explained by the concomitant consumption of nitrosation inhibitors though some support is conferred by the findings for follicular NHL. We also found that animal sources of nitrite appear to be more relevant than plant sources of nitrite for the more common histologic types. Future investigation into this hypothesis would be strengthened with a larger sample size with improved power to evaluate interaction with factors affecting nitrosation by histologic type.
